Abstract. Managing reservoir systems for economic efficiency requires maximizing total economic benefits over all water uses, time periods, and locations. This paper presents results derived from a basin optimization model that solves both multiple use and dominant use management objective functions. Application of the model to New Mexico's Rio Chama basin for the uses of river recreation, lake recreation, and hydropower indicates a negligible difference in system benefits between managing for multiple use and for a dominant use. However, there is a substantial difference in the distribution of water across reservoirs and economic benefits across uses. Results suggest that in basins where nonconsumptive uses are dominant, managers may have more latitude than previously believed in managing for dominant uses while still meeting a larger economic efficiency objective.
Introduction
Multiple use is the managment of a natural resource system for the maximization of economic benefits derived from all possible uses and has been an ideal for land and water management for most of this century. The U.S. Forest Service and U.S. Army Corps of Engineers have managed for multiple use for some time; but even after being required by Congress in various legislation since the 1960s, multiple use has been described as only a concept and not a method of implementation [Glascock, 1972; Shands, 1988] . . Dominant use is the management of a natural resource system in order to maximize the economic benefits from the single use that provides the greatest economic return. Some research suggests that dominant use management plans applied to small units within larger systems may be more efficient than multiple use management applied to the entire system [Pearson, 1943; Glascock, 1972; Shands, 1988] .
An unresolved issue is whether land or water management for dominant use provides greater economic benefits than management for multiple use. Vincent and Binkley [1993] presented a theoretical framework that demonstrates that dominant use may provide higher net economic benefit than multiple use. Their arguments for dominant use are based on comparative advantage: If one section of the system is better suited for a certain use than another, that section should be managed for that use. Helfand and Whitney [1994] criticize some of the assumptions made by Vincent and Binkley but conclude that dominant use is superior to multiple use if joint production is less efficient than specialization. O 'Connell and Brown [1972] addressed the question by suggesting the use of trade-off models to determine the optimal combination of uses by discovering which uses are complementary and which are competitive in order to determine suitable uses for different parts of the system.
Consider the case of a river basin with several reservoirs and connecting stream reaches. Each is associated with at least one Copyright 1997 by the American Geophysical Union.
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0043-1397/97/97WR-00273$09.00 nonconsumptive water use: hydroelectricity generation, lake recreation, or instream recreation. These uses are both competitive and complementary. Water that remains in an upstream reservoir can be used for lake recreation only; water that is released can generate electricity and be available downstream for instream recreation, lake recreation, and hydroelectricity production. If there are no consumptive uses between these reservoirs, all water released is available for use elsewhere. For such a river basin a hypothesis is that water can be redistributed in such a way that system benefits from dominant use are nearly equal to those of multiple use if the loss from one use is offset by increased downstream benefits.
This paper compares the basin-wide economic performance of managing for multiple use compared to dominant use in a river basin using an empirical trade-off model of the type suggested by O'Connell and Brown [1972] that tests the theory of Vincent and Binkley [1993] . The model is applied to New Mexico's Rio Chama basin (Figure 1 ). Results will demonstrate the change in system benefits by managing this basin for dominant use rather than multiple use. Although the results will not be directly transferable to other regions, the principles and methods will.
Methods of Analysis

Overview
Water management decisions are contentious. Economic benefits of water use are closely related to the distribution of water within a river basin. Recreation and hydropower can be both competitive and complementary, depending on how water is allocated in any time period. Water released from a reservoir reduces the recreational benefits and increases the quantity of hydropower that can be produced; however, the resulting flow increases the volume in a downstream reservoir and increases recreational benefits there.
Even though the distribution of water across uses and locations may be quite different under different management objectives, the difference in the value of system benefits may be negligible if water uses are complementary. It is possible that maximization of benefits from a dominant use may lead to only 1165 Colorado Figure 1 . Map of study region. a small change in system benefits compared to those derived by optimizing over all economic uses if economic benefits obtained from nonconsumptive water use are closely interdependent. The loss in benefits derived from one use may be oifset by the gain in another use if there is a change in distribution. If the diiference in system benefits between managing for multiple use and for a dominant use is negligible, then managing for the dominant use may approximately maximize system benefits.
This study tests this hypothesis by maximizing two objective functions in a basin optimization model developed and described by the authors elsewhere . This paper examines two seemingly contradictory management plans: one maximizes total economic benefits, and the other maximizes the benefits accruing to a dominant use, in this case hydroelectricity production. Any errors due to misspecification of benefits functions or hydrologic conditions will appear in both plans; therefore no bias favors either objective.
Model Development
Total economic benefit functions are formulated for reservoir recreation, instream recreation, and hydroelectricity generation by time period and location in the basin. The model produces a strategic plan that maximizes the economic benefits derived from the major nonconsumptive water uses in the Chama watershed while meeting downstream water demands in all periods during a 5-year planning horizon. Its specification in GAMS [Brooke et al., 1992] allows the manager to maximize any objective desired.
As demand for water increases and supplies remain essentially fixed, water managers seek methods of meeting changing demands in an economically efficient way. Optimization models provide one approach to managing existing supplies within current institutional frameworks and can provide insight into where changes in these institutions might increase benefits. A brief description of the model follows.
Dimensions for this model include three reservoirs. El Vado, Abiquiu, and Heron; five stream segments, the inflow and outflow of Heron and the upper, middle, and lower Chama; and 12 monthly and 5 yearly time periods, October through September of years 1 through 5.
Inflow to this system is based on historical U.S. Geological Survey streamflow records for a series of typical years [U.S. Geological Survey, 1991 -1995 . This inflow is produced by a combination of mountain snowmelt entering the system via the upper Chama and an interbasin transfer that brings water across the Continental Divide from the San Juan Basin into Heron Reservoir. To use this model for long-term policy formulation, inflows should be projections of expected future flows.
There is an outflow constraint from the basin in order to meet downstream water demands. This constraint is based on historical outflows, but future research will focus on meeting future estimated demand rather than historical deliveries. This downstream flow constraint ensures that any management plan within the basin will meet downstream water right deliveries for cities, industry, and agriculture. That is, any management program will redistribute water within the basin but take no water from downstream water right holders.
Reservoir volume in any time period determines its surface elevation and surface area. Area, elevation, and volume are physical relationships linked to each other by the unique topography of the surrounding area. Area-elevation-capacity tables were used to estimate one area capacity and one elevation capacity function for each reservoir by ordinary least squares polynomial regression. The percentage of explained variance (R 2 ) for estimates of all relationships was greater than 0.99. Lake recreational benefit is an empirical function of reservoir surface area based on the principle that a greater number of visitors are attracted to reservoirs with larger accessible areas and longer shorelines. Elevation of the reservoir surface and the flow released through the turbines jointly determine the quantity of hydroelectricity that can be produced. Streamflow released from the reservoir determines instream recreational benefits.
Benefit equations for both lake and instream recreation are based on the New Mexico Game and Fish Department's RIOFISH model, developed by New Mexico State University [Cole et al., 1986 [Cole et al., , 1990a [Cole et al., , 1990b Cole and Ward, 1994; GreenHammond et al., 1990] . RIOFISH is a simulation of 132 reservoir, river, and stream fisheries in New Mexico that is used for comprehensive planning of sport fishery management. It estimates statewide benefits for sport fishing based on a regional travel cost demand model. The model is a function of travel cost, travel time, catch rates, stocking rates, and site characteristics and examines the effects of changes specified by the user in reservoir volume, stream discharge, or other management activities on angler use and angler benefits. Changes in water reservoir volumes, stream discharges, or other management decisions are translated into changes in the willingness of anglers to pay for the change in quality of the fishing experience brought about by the management decision, based on changes in consumer surplus.
To derive the partial benefit functions for the basin optimization model described in this paper, multiple RIOFISH simulations were run by varying streamflows and reservoir volumes and holding all other variables constant. This method of analysis underestimates the benefits of recreation in the summer and overestimates the benefits of recreation in winter. Future work will account for seasonality in visitor behavior.
The economic benefit of hydroelectricity is defined as the value of power available for distribution, that is, the amount generated minus the losses in the transmission lines. Currently, the operation of the power plants in this basin is not dispatchable; that is, the utilities manager cannot control releases to meet changes in demand. Electricity can be produced only when managers from agencies that control the reservoirs release water. The electric utility must forecast its requirement for electricity in any period before the start of its fiscal year without prior knowledge of expected releases. It must generate power from alternate sources or purchase it on the market to meet its requirements. In these scenarios it is assumed that the utilities manager would be guaranteed the optimal flow in each period to generate electricity. Since this power would be used to meet expected demand, electricity would not have to be purchased from other sources and its value would be $0.055 per kWh.
Distribution of Water and Economic Benefits
Economic benefits of water use are directly related to the distribution of water within the basin. As water is taken from one use and allocated to a different use, the location of the water changes. Figure 2 shows the interdependence of water distribution, uses, and benefits.
Reservoir volume (V,) is a direct indication of the distribution of basin water. All economic benefits are directly or indirectly related to reservoir volume. The volume in any time period, (, is a function of the volume in the previous period (F,_)), the inflow during the previous period (/,-i), and the outflow during the previous period (0,_i): 
Inflow is the incoming streamflow, which is either a natural flow or a release from an upstream reservoir. Outflow is the sum of the release through the generators, the outlet, and evaporation. If the optimal release exceeds the capacity of the generators, excess flow can be bypassed. Lake recreation benefits in any time period (L,) are a function of the volume in the reservoir during that period:
The value of lake recreation increases with any increase in reservoir volume. Hydroelectricity benefits during any period (K,) are a function of the head (H,), the height difference between the surface elevation of the reservoir and the elevation of the receiving stream channel, and the flow of water released through the generators (R,): (H,,R,) .
The head and the release are inversely proportional for a fixed output of electricity. The head is a function of the volume:
This outflow from the reservoir reduces its volume and increases the volume downstream. The outflow produces hydroelectricity, which competes with recreation, but the additional streamflow increases the recreational value of the stream and increases the volume in the downstream reservoir.
Management Objectives
Recreation and hydropower can be either competitive or complementary, depending on how the water is redistributed in a given time period. Since the economic benefits are so closely interdependent and there are few consumptive uses in this basin, it is possible that maximization of benefits from a single, dominant use may lead to only a small change in system benefits compared to optimizing over all economic uses. The model is specified in GAMS and has two possible objective functions: One is a multiple use objective and the other is a dominant use objective.
Multiple use objective. The total benefits function optimizes storage and release patterns in the system with the aim of maximizing water-related benefits summed over all uses, locations, and time periods:
As the volume of the reservoir increases, the increase in head lowers the release needed to maintain a given output of electricity. As the volume and head increase, so too do recreational benefits. Recreation and hydropower complement each other at a single reservoir: increasing the volume increases both where TB total benefits; K hydropower benefits; L lake recreation benefits; S instream recreation benefits; r reservoir index; g generator index; m month index; y year index; s stream segment index. Total benefits are the sum of hydroelectricity benefits summed over all reservoirs, generators, months, and years; lake recreation benefits summed over all reservoirs, months, and years; and instream recreational benefits summed over all stream segments, months, and years.
Dominant use objective. The hydropower benefits function optimizes storage and release patterns in the system with the aim of maximizing hydroelectricity benefits summed over all reservoirs and time periods:
max K^ = S S S S ^ (7) where K^^ is the maximum hydropower benefits.
Comparison of management objectives. All comparisons of system benefits compare the total benefits in the multiple use model with the total benefits in the dominant use model. Comparing the two benefits functions shows that the maximum hydropower function is a subset of the total benefits function; and since hydropower has a relatively high value in this basin, hydroelectricity will play a major role in the total benefits objective. When the dominant use objective is the function being maximized, the value of total benefits is still calculated within the model. Lake recreation is a function of volume; so as water is released from one reservoir for use downstream, the loss in recreational benefits at that reservoir is offset by a gain in instream recreational benefits in the connecting reach, in hydropower benefits at that reservoir, in lake recreational benefits, and in future hydropower benefits at the receiving reservoir. The use of this model may provide some insight into the relationship of water distribution and total benefits when optimizing for competing objectives.
Results
There is only a modest loss in system benefits incurred by managing the Rio Chama basin for dominant use rather than for multiple use. Although the difference in system benefits is negligible, the distribution of water across reservoirs changes considerably. Water is redistributed from the upper reservoir to the lower reservoir, but this redistribution does not adversely impact water users downstream. This suggests that policy makers can manage this basin for a locally dominant use and still essentially meet regional institutional requirements.
Total system benefits derived from multiple use management were $73.2 million; from dominant use management they were $72.4 million. This difference represents a basin-wide decrease in economic benefits of about 1% by managing for the dominant local use rather than for multiple use. Table 1 shows the distribution of economic benefits by water use and management objective and the percentage change in these benefits between dominant and multiple use management. The reduction in total system benefits is slightly more than 1%. Hydropower benefits increase by about 2.5%, and recreation benefits decrease by just over 5%. Hydropower benefits increase during the first 3 years, and then they are essentially equal. The gain in the first year is more than 6%; in the second it is almost 5%. The total increase in hydropower benefits over the time horizon is about 2.5%. Recreational benefits decrease in every period. Yearly losses in recreational benefits range from 1.87 to 6.93% with an overall reduction of 5.14%. Figure 3 shows the difference in the monthly distribution of economic benefits between the management objectives. Recreation is lower in every month and shows seasonal variation, reflecting inflows due to spring runoff. Hydroelectricity production is constant in almost every month, but there are several large spikes in which monthly power production is much higher in the dominant use scenario. Since the inflow and outflow requirements in both management plans are the same, there is no hydrologic reason for spikes in these periods. They occur because more hydroelectricity is produced in the dominant use plan than in the multiple use plan. In the multiple use plan, water that remains in the upper reservoirs has a high recreational value; in the dominant use plan, water only has value when it is used to generate electricity in lower reservoirs. The spikes are a result of water being transferred to the lower reservoir in order to attain its highest value, and they occur when the generators run at their maximum capacity under dominant use management because there is no competing use for the water. System benefits vary according to the greatest benefit change in any particular month. In those months in which power production increases, there is an increase in system benefits; when the production of power is unchanged, there is a reduction in total benefits.
The change in distribution of benefits is due to the redistribution of water from Heron Reservoir to Abiquiu Reservoir. Even though Heron provides relatively high economic benefits due to recreation, it loses volume under dominant use management because it lacks hydroelectric facilities. Water is transferred to Abiquiu, where the value of electricity gained is i § i i
System HydropowCT Rccrcaioo Figure 3 . Change in distribution of economic benefits between dominant use and multiple use objectives.
higher than the value of recreation lost at Heron. This transfer reflects the advantage Abiquiu has over Heron at producing hydroelectricity. Figure 4 illustrates the considerable difference in reservoir volumes between dominant and multiple use management. In the dominant use scenario, the volume in Heron is lower by an average of almost 45,000 acre feet (55,530,000 m 3 ) in each month, the volume in Abiquiu is greater by an average of about 39,000 acre feet (48,126,000 m 3 ) per month in the first 4 years and reduced by about 14,000 acre feet (17,276,000 m 3 ) in the last year, and the volume in El Vado is essentially unchanged.
Heron has a high recreational benefit but no hydropower facilities, so water will be retained in there when recreational values are part of the objective. The value of recreation at Abiquiu is only about one fifth as high as that at Heron, but its hydropower benefits are higher than Heron's recreational value. This figure also shows that the volume in Abiquiu is lower throughout the last year under the dominant use plan. This is because resource models tend to consume all of a resource if there is no value in storing it for future use. Neither plan stores water for the future, but the dominant use plan has a greater reduction in volume in the final periods because more Figure 4 . Change in distribution of water between dominant use and multiple use objectives.
water was moved downstream since that is where the water has the highest value. A manager comparing policy based on a model such as this has the option of setting a minimum volume constraint in the final period to maintain a specified level of storage or to make a longer run and not use the results of the final time periods.
These results suggest that policymakers can manage this basin for a dominant use and still essentially meet regional institutional requirements. The results are not directly transferable to other regions because of differences in hydrology, water uses, institutions, and relative values among competing uses. However, the method we have used is transferable.
Conclusions
Managing river basins in which water uses are predominantly nonconsumptive for a dominant use may produce system benefits that are comparable to the benefits derived from managing for multiple use. When managing for dominant rather than for multiple use, the distribution of water within the watershed is considerably different. Heron Reservoir loses volume because it lacks hydroelectric facilities. Abiquiu gains water because the value of electricity gained is higher than the loss in recreation at Heron.
In this basin, where there are no major consumptive uses, the total economic benefits derived from each objective are similar, but the optimal distribution of the water varies considerably. The application of river basin optimization models to compare the results of multiple and dominant use management options to other basins in which a majority of water uses are nonconsumptive may show that there is little difference in basin-wide economic benefits between objectives.
The approach described in this paper provides policymakers with an empirical framework for formulating and testing water management policies. The model has been structured so that numerous management objectives can be optimized and their economic merits compared. This gives managers the opportunity to see a quantitative distribution of both water and economic benefits across competing objectives.
State or national resource managers have objectives that often conflict with the aims and goals of local interests directly affected by these management programs. Results of this study indicate that management for local interests may roughly meet national economic objectives, but the distribution of the resource itself over uses and locations is highly sensitive to the objective for which the resource is managed. Managers and stakeholders must decide if the redistribution of water is acceptable. Testing the management options available to managers of water and other natural resources may show that local interests may be satisfied while still meeting a larger national efficiency objective.
